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Abstract: We propose the Stream Biome Gradient Concept as a way to predict macroscale biological patterns in
streams. This concept is based on the hypothesis that many abiotic and biotic features of streams change predict-
ably along climate (temperature and precipitation) gradients because of direct inﬂuences of climate on hydrology,
geomorphology, and interactions mediated by terrestrial vegetation. The Stream Biome Gradient Concept gener-
ates testable hypotheses related to continental variation among streams worldwide and allows aquatic scientists to
understand how results from one biome might apply to a less-studied biome. Some predicted factors change
monotonically across the biome/climate gradients, whereas others have maxima or minima in the central portion
of the gradient. For example, predictions across the gradient from drier deserts through grasslands to wetter
forests include more permanent ﬂow, less bare ground, lower erosion and sediment transport rates, decreased
importance of autochthonous C inputs to food webs, and greater stream animal species richness. In contrast,
eﬀects of large ungulate grazers on streams are expected to be greater in grasslands than in forests or deserts, and
ﬁre is expected to have weaker eﬀects in grassland streams than in desert and forest streams along biome
gradients with changing precipitation and constant latitude or elevation. Understanding historic patterns among
biomes can help describe the evolutionary template at relevant biogeographic scales, can be used to broaden other
conceptual models of stream ecology, and could lead to better management and conservation across the broadest
scales.
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Stream ecologists have devised several ecological concepts
to understand streams at broad spatial or temporal scales.
Transitional characteristics of stream ecosystems across a
gradient from headwaters to large rivers were linked in the
River Continuum Concept (RCC; Vannote et al. 1980).
This concept centered on forested streams, but the au-
thors also considered that diﬀerent biomes could ﬁt into
the concept with some modiﬁcation. Other synthetic ap-
proaches to stream and river ecology, e.g., the Flood–Pulse
concept (Junk et al. 1989) and the Riverine Ecosystem
Synthesis (Thorp et al. 2006), consider terrestrial inﬂu-
ences, but not with primary emphasis on the biomes in
which the rivers or streams are embedded.
Very large-scale approaches (e.g., whole large river ba-
sins, continents, cross-biome) are important for many key
ecological issues (Heﬀernan et al. 2014), including nutrient
criteria and nutrient ecoregions (Omernik 1987) and geo-
graphic patterns of animal communities across freshwater
ecoregions (Abell et al. 2008). Species distributions and
state and national jurisdictions occur across very large
scales that often include multiple biomes. Some attention
has been paid to how river networks might vary across
broad scales (e.g., McCluney et al. 2014), but we are not
aware of a speciﬁc framework that considers how streams
vary predictably across the broadest scales among diﬀer-
ent biomes. Our research on multiple stream biomes has
led us to view gradients across multiple biomes as hav-
ing the potential to predict diﬀerences in general stream
community and ecosystem characteristics at the broad-
est scales.
Control of plant communities by climatic (temperature
and precipitation) gradients has been recognized for >65 y
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and forms the basis of the biome concept (Holdridge
1947). We extended the biome concept to investigate how
gradients of precipitation and temperature can predictably
control diﬀerences in stream hydrology and geomorphol-
ogy directly or as a consequence of interactions of streams
with the terrestrial biomes that dominate under speciﬁc
climatic conditions. We further explored how interbiome
diﬀerences can constrain the structure and function of
stream communities and ecosystems.
Holdridge (1947) showed how interactions between tem-
perature (as inﬂuenced by latitude or elevation) and pre-
cipitation could be used to predict the functional groups of
vegetation found in terrestrial environments, and this ap-
proach was adopted by others, e.g., in the biome continuum
concept of McIntosh (1967). We extended this view to pro-
pose the Stream Biome Gradient Concept. This concept is
based on the hypothesis that streams change predictably
along climate (temperature and precipitation) gradients be-
cause of direct inﬂuences of climate on hydrology and geo-
morphology and indirect inﬂuences mediated by terrestrial
vegetation. We use this concept to predict stream abiotic
and biotic characteristics (e.g., hydrology, geomorphology,
water quality, ecosystem metabolism, and animal diversity
and function) across broad climate gradients (Fig. 1). We
developed this idea as we tried to understand and describe
grassland streams in relation to other stream types on
which we have worked (e.g., deserts, tropical rain forest,
deciduous, and evergreen temperate forests).
Precipitation gradients across continental land masses,
which often are related to rain shadows or other climatic
transitions (e.g., position of major atmospheric convec-
tion cells), are common in many parts of the world and
lead to gradients from deserts to forests. These patterns
can span continents or occur over relatively short distances
in mountainous areas. Coupled with these patterns, tem-
perature gradients associated with elevation or latitude in-
ﬂuence vegetative characteristics and hydrology. These
climate patterns can lead to gradients from warm tropical
lowlands to arctic tundra, or over shorter distances from
tropical lowland to tundra on high tropical mountains.
We asked whether stream properties change continuously
across large-scale biome gradients, are invariant, or have
unique attributes dictated by the biomes in which they oc-
cur that do not scale linearly with climate gradients (e.g.,
nonmonotonic patterns across gradients). Freshwater bi-
omes (ecoregions) have been assigned unique status as
ecoregions based on vertebrate inhabitants (Abell et al.
2008), but the relationships of these ecoregion designations
to other stream properties and to terrestrial biomes at con-
tinental scales are not clear.
Streams are the dominant interface between terrestrial
and aquatic ecosystems (Hynes 1975). They transport and
transform (Mulholland et al. 2008) materials from land to
the ocean and ultimately determine coastal marine pro-
ductivity. Streams and rivers also are important sources of
greenhouse gasses (Beaulieu et al. 2011, Raymond et al.
2013), but we do not know how these functions are dis-
tributed globally and relate to biomes.
The direct link between terrestrial and lotic ecosystems
is runoﬀ. Temperate forests produce 30% of global runoﬀ.
Figure 1. Climate zones, vegetation types, and relationship to stream characteristics (modiﬁed from Holdridge 1947).
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In contrast, tropical and subtropical evergreen forests pro-
duce ∼50%, and grasslands and savannas the remaining
20%, of runoﬀ. Deserts contribute very little runoﬀ, though
they constitute a substantial area (Table 1). Streams in
temperate forests appear to be the most studied. We ana-
lyzed ISI Web of Science® (Thomson Reuters, Philadel-
phia, Pennsylvania) citation records (January 2013) by
searching for papers in the area of “ecology” with the
terms “river” or “stream” in them. Within these results,
most citations included the term “forest” (8609) followed
by “tropic*” (594; * is a wild-card search term), “rain forest”
(156), “arctic” (153), “grassland” (166), “prairie” (77), or
“tundra” (46). This approach is a coarse way to evaluate
the literature, but it does support the idea that knowledge
of stream ecology is strongly inﬂuenced by research from
forested streams. Streams types are not studied proportion-
ately to their global occurrence, so we propose that general
patterns linked to factors that vary across biome types
could guide stream research and help extend results from
commonly studied stream types to other, less-studied sys-
tems.
Here, we characterize streams across large-scale biome
gradients with respect to characteristics that deﬁne some
major aspects of their lotic ecology and biogeochemical
and geomorphologic role in the landscape: 1) climatic gra-
dients and links between biomes and hydrology, 2) geo-
morphology across large-scale biome gradients, 3) ecosys-
tem properties, including water quality, nutrient dynamics,
and metabolism, as they vary with biome, 4) variation in
animal community diversity and dynamics, and 5) linkages
with other integrative ideas on lotic ecology. We caution
that we are addressing very broad biogeographic patterns.
These generalizations are not meant to apply to smaller
scales (e.g., strong rain shadows and elevation gradients on
islands), although some of the concepts given here may
well transfer to some aspects of smaller-scale gradients.
Many of the topics discussed herein are not yet well stud-
ied in all systems, so we were able to make predictions
and hypothesize based only on limited published informa-
tion or broad, well established biological and physical
principles.
CLIMATE GRADIENTS AND LINKS BETWEEN
BIOMES AND HYDROLOGY
Climate and biome gradients
Temperature and precipitation as factors controlling
broad patterns of the biomes of terrestrial ecosystems can
be adapted to understand stream communities and eco-
systems because many of the same factors that control
terrestrial plant communities also control runoﬀ (Tables 1,
2). Gradients of terrestrial biomes are driven by precipita-
tion and temperature as related to the relationship be-
tween potential evapotranspiration (PET) and actual evapo-
Table 1. Percent land area, mean (SD) annual temperature, precipitation, runoﬀ, and percentage of global runoﬀ for global biomes.
Area and runoﬀ data are classiﬁed by the ecoregional boundary data set (http://conserveonline.org/workspaces/ecoregional.shapeﬁle).
Precipitation, temperature, and runoﬀ data are from Hijmans et al. (2005).
Biome
Land area
(%)
Temperature
(°C)
Precipitation
(mm)
Runoﬀ
(mm)
Runoﬀ
(%)
Tropical/Subtropical Grassland, Savannah, and Shrub (TGS) 19 24.7 (3.0) 933 (506) 204 (274) 12
Temperate Grassland, Savannah, and Shrub (TeGS) 10 7.9 (6.5) 448 (215) 92 (122) 3
Montane Grass and Shrub (MGS) 4 3.8 (8.7) 461 (430) 283 (433) 3
Flooded Grass and Savannah (FGS) 20.6 (8.8) 766 (424) 87 (177)
Mediterranean Forests and Scrub (MFS) 15.4 (2.9) 488 (254) 152 (196)
Deserts and Xeric Shrub (DXS) 19.7 (7.3) 177 (192) 31 (109)
Deserts + Mediterranean (DM) 10 2
Tropical/Subtropical Coniferous Forests (TCF) 18.2 (4.1) 1218 (598) 370 (432)
Tropical/Subtropical Moist Broadleaf Forests (TMBF) 23.9 (3.5) 2051 (778) 831 (695)
Tropical/Subtropical Moist Forests (TMF) 16 44
Tropical/Subtropical Dry Broadleaf Forests (TDBF) 3 24.5 (2.9) 1084 (478) 331 (291) 3
Temperate Broadleaf and Mixed Forests (TeBF) 12 9.0 (4.8) 874 (438) 289 (270) 11
Temperate Conifer Forests (TeCS) 5.2 (7.3) 842 (517) 341 (384)
Boreal Forests/Taiga (BFT) −4.5 (4.9) 514 (207) 243 (149)
Conifer + Boreal Forests (CBF) 24 20
Tundra (T) −11.3 (5.1) 349 (241) 247 (247)
Rock and Ice (RI) −16.4 (5.8) 853 (460) 776 (723)
Tundra + Rock and Ice (TRI) 2 2
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transpiration (AET; Fig. 1). In a general sense, forests
dominate where AET is equal or close to PET, grasslands
where AET is seasonally less than PET, and deserts where
AET is almost always lower than PET. In areas where
adequate moisture is present for tree growth, grasslands
can still occur where periodic ﬁres and livestock grazing
(or other factors) remove trees (Staver et al. 2011). Pren-
tice et al. (1992) suggested that the minimum tolerated
annual moisture availability is lower for grasses and dry-
land shrubs than trees. They also predicted that wood-
lands, tropical dry forests and savannas, cool grass and
shrub lands, warm grass/shrub, and deserts occur where
>65%, 45 to 80%, 28 to 65%, 18 to 28%, and <18% of
moisture demand is met, respectively. In grasslands and
deserts, surface runoﬀ is severely limited, at least season-
ally, compared to in forests. Of course, generalization has
its limits, and substantial variation can exist within classiﬁ-
cations of terrestrial biomes. Thus, forests can occur un-
der conditions ranging from almost desert to rainforest,
and grasslands can occur in deserts and in conditions with
soils saturated for most of the year (e.g., grass-dominated
wetlands).
Observations of relationships among global terrestrial
vegetative cover and hydrologic characteristics are con-
sistent with global distribution patterns noted by Dodds
(1997) and updated here (Table 1). Water yield (net run-
oﬀ ) of grasslands (∼50 mm/y), while greater than that of
deserts, is substantially lower than that of forests (∼400
mm/y), and most forests yield ≥300 mm of runoﬀ. Tun-
dra areas are generally characterized by lower runoﬀ
(Table 1).
Latitudinal or elevational variation also can inﬂuence
water relations and vegetative dominance. Trees cannot
establish in areas with extended cold, such as high-latitude
or high-elevation tundra. Thus, shrubs and grasses domi-
nate tundra. At high latitudes or elevations, low tempera-
tures can limit AET, and most precipitation is lost to
runoﬀ. High-latitude areas are highly seasonal, dominated
by permafrost, and most surface water is frozen for much
of the year, except for deep rivers and lakes. Thus, runoﬀ
is predictably seasonal in such habitats. High-elevation
habitats can resemble high-latitude habitats with respect
to vegetation and runoﬀ patterns, but very high-elevation
habitats in tropical areas can range from highly seasonal
to relatively constant, making generalizations on hydrol-
ogy diﬃcult (Ponette-González et al. 2014).
Hydrology and biome gradients
Desert and drier grassland streams are generally inter-
mittent or ephemeral, except in areas with permanent
groundwater ﬂow or where fed by runoﬀ from other bi-
omes (e.g., mountainous snowmelt-dominated headwa-
ters; Table 2). We deﬁne intermittent as usually drying at
≥1 times/y and ephemeral as not holding surface water in
most of the channel for most of the year (Dodds and
Whiles 2010). Although not strictly intermittent, streams
in high latitude or altitude areas also ﬂow for only part of
the year because they may freeze completely and could be
considered functionally intermittent. Drying can include
complete desiccation, or in less severe cases, disconnec-
tion of large pools by dry shallower areas. Intermittent and
Table 2. Predicted abiotic characteristics of streams across biomes and with human modiﬁcation of the landscape at global scales.
Hydrology data are from Olden and Poﬀ (2003).
Stream type
Drainage
density
Characteristic
hydrology
Daily
temperature
extremes
Seasonal
temperature
extremes
Light in
low order
streams Nutrients
Temperate grassland Low–
medium
Harsh intermittent,
intermittent
ﬂashy, or runoﬀ
High High Open or
closed
Low
Tropical grassland High Harsh intermittent,
intermittent
ﬂashy, or runoﬀ
High Low Open or
closed
Low
Tropical evergreen forest High Stable groundwater Low Low Closed Low
Tropical and temperate
seasonal deciduous forest
Medium Perennial ﬂashy
or runoﬀ
Low Medium Seasonally
open
Low
Alpine/tundra High Snowmelt High High Open Low
Temperate evergreen Medium Snowmelt Low High Closed Low
Desert Low Harsh intermittent High High Open Medium
Urban Variable Generally more
ﬂashy than native
Variable Variable,
usually warmer
Variable,
often open
High
Cropland Variable Variable High Variable Often open High
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ephemeral streams in arid and semi-arid regions can be
very important as local sources of water for organisms
within (e.g., opportunistic aquatic organisms) and outside
of (e.g., wildlife and livestock) the stream, and can be
biogeochemical hot spots during wet periods (Lake 2003).
The climatic factors that lead to intermittency are linked
to factors that cause dominance of grasses or bare soil in a
watershed (Fig. 1), and can be related to many aspects of
stream ecology (Table 3).
We expect hydrologic gradients to follow precipitation
gradients, such that: 1) intermittent or ephemeral reaches
are more common and more extensive in small grassland
streams and deserts than in forests (i.e., intermittent reaches
are longer and occur further down into the watershed
making up a greater proportion of the drainage network),
2) hydrologic extremes are more frequent and intense
(ﬂooding and drying) in deserts and mesic grasslands than
in forested areas, and 3) drainage density (the total length
of rivers and streams in a basin divided by the area of the
basin) is lowest in deserts, intermediate in grasslands, and
greatest in forests (Table 3).
Latitudinal temperature gradients confound these pre-
dictions in that high-latitude areas can have high drain-
age density even with limited runoﬀ because AET rates
are relatively low, and even modest amounts of precipita-
tion must runoﬀ over fairly short periods of time and will
not be lost to the subsurface (permafrost does not allow
inﬁltration). Altitudinal temperature gradients also con-
found these predictions because the gradient from tundra
to other systems happens within very short distances.
We also expect per capita human inﬂuences on river
and stream hydrology to vary across gradients spanning
diﬀerent biomes because human inﬂuences across biomes
are substantial (Fig. 2). In forested areas, water is abun-
dant, so abstraction from larger rivers should have the
weakest eﬀects, but landuse change and channel alteration
may be common in the smallest streams. Given the sea-
sonal nature of precipitation or generally low annual pre-
cipitation in most grasslands, grassland streams and rivers
are very likely to be appropriated for human uses either
through use of surface water and damming or through
abstraction of ground water. In deserts, humans and live-
stock are concentrated around the few permanent water
sources, so perennial waters are heavily aﬀected. The small-
est desert streams rarely ﬂow (except in urban areas where
people might actually cause them to ﬂow by watering), so
they are modestly impacted except through water with-
drawal from aquifers. Most large rivers are heavily dammed
and experience water extraction, especially in arid climate
regions.
Human inﬂuences also follow latitudinal or elevation
gradients. High population density is rare at high latitudes
and greatest in the tropics of the northern hemisphere,
and human population density is greatest at low altitudes
globally (Cohen and Small 1998). Thus, we expect temper-
ature gradients to interact with how much human impact
occurs on hydrology, although population density in the
northern hemisphere temperate zone is almost as high as
in the tropics.
In general, large-scale analyses of hydrology across con-
tinents and biome gradients are only just beginning. Poﬀ
et al. (2006a) provided a template for hierarchical classiﬁ-
cation across parts of several continents and detailed ex-
amples from 5 North American basins. Many parts of the
world currently have too few stream gages to be analyzed
in this fashion, but the approach used by Poﬀ et al. (2006a)
could be used to link gradients across biomes as discussed
here to more detailed ﬂow characteristics of rivers and
streams across those biomes.
Considerable variation in hydrology can occur within
broad biome types. Here, we provide a detailed example
from grasslands that occurred historically across a gradi-
ent where seasonal precipitation is less than PET in the
drier areas and greater than PET in the wetter areas. This
example illustrates how spatial heterogeneity within a bi-
ome can lead to resemblance between streams on the op-
posite ends of the extremes that generally deﬁne biome
boundaries. Other biome types also can occur across cli-
mate gradients (e.g., dry-to-wet forests, dry-to-wet tun-
dra), but we discuss only grasslands here.
Grassland streams in dry-to-moderately-wet areas are
characterized by intermittent ﬂashy or harsh ﬂow regimes
(Olden and Poﬀ 2003), as would be expected in other
grassland areas with monsoonal rainfall patterns (e.g., the
Brazilian Cerrado; Wantzen 2003), mid-continental areas
with massive seasonal thunderstorms, or cold regions dom-
inated by snowmelt. However, in some cases, grasslands
occur where >65% of precipitation demand is met, and
ﬁre and grazing probably limit forest development. If ﬁre
is to carry successfully and to kill trees and shrubs, mois-
ture must be suﬃcient for a continuous biomass density
(fuel load) to develop and seasonal dry periods must exist
during which ﬁres can spread. Large herbivores also can
inhibit dominance of trees in some conditions (e.g., ele-
phants in savannahs; Dublin et al. 1990), and factors, such
as ﬂooding or inundation, may inhibit tree development
(e.g., ﬂooded grasslands, such as those that occur in parts
of the Everglades or the Pantanal). In these areas, perennial
ﬂow is expected to be more common.
GEOMORPHOLOGY ACROSS BIOME GRADIENTS
Geomorphology and biomes
The interactions of regional climate regimes, geology,
soils, vegetation, topography, and human inﬂuences com-
bine to produce the characteristic geomorphology and hy-
drology of watersheds. Flashiness, and as a consequence,
ﬂood power and sediment movement are expected to be
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Table 3. Summary of predicted characteristics of headwater streams along a gradient from desert to forest. Trends are generalities
for streams draining each habitat type.
Category Aspect Desert Grassland Forested
Hydrology Continuity of discharge Ephemeral/
intermittent
Intermittent/
perennial
Perennial
Flashiness High Intermediate Low
Discharge Losing Mixed Gaining
Geomorphology and
controls on hydrology
Flow accumulation Losing Mixed Gaining
Width/depth High Medium Low
Width High Intermediate Low
Depth Shallow Intermediate Deep
Soil water storage Poor Intermediate Substantial
Soil organic content Low Medium High
Inﬁltration capacity Low Medium High
Bank stability Unstable Intermediate Stable
Bed load : suspended load Highest Intermediate Lowest
Dynamic equilibrium Furthest Intermediate Closest
Rain splash, sheet wash, rill formation Most common Intermediate Least common
Aeolian inﬂuence on sediment
concentration and ﬂow paths
High Low Lowest
Drainage density Low Medium High
Braiding More common Less common Rare
Anthropogenic eﬀect on ﬂow High Medium Low
Longitudinal complexity Lowest Intermediate Highest
Habitat heterogeneity Lowest High/intermediate Highest
Temperature variance High High/moderate Low
Terrestrial biome
inﬂuence
Canopy cover Open Mixed, increasing
downstream
Closed
Primary energy source Autochthonous Mixed Allochthonous
Interannual variation of terrestrial
allochthonous inputs
Low High Low
Vegetative control of geomorphology Low Medium High
Large herbivore inﬂuence on
geomorphology
Low High Medium
Large woody debris Rare Modest Common
Water quality and
nutrients
Sediment transport/concentration High Medium Low
Total N and P Low Low Low
C content Lowest Intermediate Highest
Mineral : organic sediment Highest Intermediate Lowest
Anthropogenic eﬀect on water quality High Very High Medium
Animals Vertebrate richness Low Medium High
Vertebrate endemism Low Medium High
Fish life history Opportunistic Opportunistic Stable
Invertebrate richness Low/medium Medium High
Invertebrate endemism Medium Low High
Invertebrate production High High Medium
In-channel ﬂora and fauna inﬂuence
on stream structure
Low Medium Highest
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greatest in the driest regions (Table 3). Vegetative, climatic,
and hydrologic factors, in part, determine soil charac-
teristics. In general, deserts have more bare ground and
poorly developed (shallow) soils, so water storage is lim-
ited. Flashiness is compounded by low inﬁltration capacity
consequent to low organic content and no vegetation in-
terception. Low inﬁltration produces Hortonian (inﬁltra-
tion excess) overland ﬂow and ﬂash ﬂoods (Horton 1945).
Sediment supply is enhanced via wind-driven (aeolian) de-
livery to the stream network in drier areas (e.g., Langford
1989). Accordingly, desert streams have the highest re-
corded bedload–discharge relationships in the world (Co-
hen and Laronne 2005) and usually consist of shallow
stream channels with high sediment concentrations dur-
ing eﬀective discharge events (Simon et al. 2004).
Riparian and hillslope vegetation density, soil depths,
inﬁltration capacity, and bank and channel stabilization by
vegetation will increase as precipitation increases along
the spectrum from arid to more mesic systems. These
combined changes result in reduced hydrologic ﬂashiness
and lower sediment concentrations in wetter areas. In
grasslands, comparatively deep soils, high organic content,
and nearly 100% vegetative cover (except in overgrazed
areas) all combine to modulate the hydrologic response to
intense precipitation events (Fig. 3). Thus, as in forests,
many grasslands require extensive saturation to produce
ﬂash ﬂoods, but the increased seasonality and intensity of
precipitation combined with lower magnitude and dura-
tion of base ﬂows magniﬁes the ﬂashy nature of grassland-
stream ﬂood regimes.
The conventional understanding is that, along a tran-
sition from desert (arid) to forest (mesic) biomes, both
vegetation and hydrologic regimes interact to form char-
acteristic channel morphology and sediment dynamics
that reﬂect these 1st-order controls. However, aspects of
this model also can apply to within-biome gradients as
broadly deﬁned by form of dominant vegetation. For ex-
ample, grasslands can occur from mesic to arid condi-
tions (Fig. 3). The range of grassland hydrogeomorpho-
logical characteristics illustrates that a simple view of
gradients from forest to desert is just one way to view
biome gradients and fails to capture some important pat-
terns. Plant growth-form alone is a coarse way to charac-
terize biome characteristics.
Forested streams have been considered in the frame-
work of a dynamic equilibrium (a most probable geomor-
phologic state in an inherently variable system; Leopold
1994), but generalizations from forested streams may not
hold true in streams with more episodic (e.g., intermittent
or ephemeral) ﬂow (Merritt and Wohl 2003) and less veg-
etative stabilization of stream channels. As such, desert
streams should be further from dynamic equilibrium, for-
ested streams should be closest, and grassland streams
should be intermediate. This equilibrium, in turn, will in-
ﬂuence formation of oxbows and side channels and rela-
tive abundance of other habitat types (e.g., riﬄes and
pools).
Figure 2. Percentage of major biomes in crop, mixed crop-
land, and other human uses. Global land cover data (year 2000)
from http://bioval.jrc.ec.europa.eu/products/glc2000/glc2000.php
and overlaid on data from http://conserveonline.org/workspaces
/ecoregional.shapeﬁle.
Figure 3. Climate, biome hydrologic regime, and stream geo-
morphology for a gradient of grassland types based on hydrol-
ogy. This ﬁgure shows how gradients can occur within a biome
type. Sed. = sediment.
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Channel widths relative to their respective drainage area
may vary across climate gradients. In grasslands, grass
roots stabilize channel margins. In forests, trees strongly
inﬂuence most natural stream channels. Damming by large
woody debris jams can widen channels in small streams,
but in larger streams, riparian trees can constrain channel
widths and facilitate natural levy formation. Extreme ﬂoods
lead to very wide channels in ephemeral streams that re-
cover slowly during long periods of stable or no ﬂow as
woody riparian vegetation becomes re-established (Fried-
man and Lee 2002). Geomorphic changes from ﬂoods
of equal recurrence intervals are expected to be greatest
in desert systems. We expect broad channels to be most
common in desert streams, least common in forested
streams, and intermediate in dry grassland streams. How-
ever, stream channels in naturally forested areas are wider
in forests (where root stabilization and introduction of
woody debris combine to widen channels) than in grass-
dominated pastures that have been converted from forests
(Davies-Colley 1997, Sweeney et al. 2004, McBride et al.
2010). Widening by tree roots in low-order streams also
can occur in more mesic grasslands. Thus, small-scale var-
iation in stream width can be controlled by local riparian
vegetation, but overall width also is related to broad cli-
matic patterns.
The inﬂuences of biome on geomorphologic processes
suggest that during times of continuous ﬂow, sediment
loads should be greatest in the driest habitats. Water-
column suspended sediment concentrations are higher and
particulate C content is lower in human-modiﬁed areas
that were historically grasslands than in forested areas
(Dodds and Whiles 2004). Streams draining relatively pris-
tine grasslands have suspended sediment concentrations as
low or lower than those draining most forested regions
(Whiles and Dodds 2002). Suspended sediment is expected
to have higher mineral to organic ratios in desert than in
forested streams because of less chemical weathering and
riparian deposition. Moreover, a greater portion of the dis-
solved load in deserts probably consists of evaporates that
increase salinity (Langford 1989).
Interactions with other factors inﬂuencing
geomorphology
Grazing and ﬁre interact to shape terrestrial biomes. So
in addition to climate eﬀects on hydrology and geomor-
phology already discussed, inﬂuences of ﬁre and grazing
may vary across biome gradients and have diﬀerential in-
ﬂuences on streams (Fig. 4). We hypothesize that across
precipitation gradients, grazing eﬀects are strongest in
grasslands and become less inﬂuential as one moves from
grasslands into forest or desert. In general, we expect ﬁre
to be a terrestrial process that inﬂuences natural grasslands
more regularly than desert or forested grasslands. How-
ever, ﬁre can be more catastrophic with respect to sedi-
ment and nutrient input to streams in forested and desert
systems because much grassland biomass is below ground,
meristems are protected, stem densities are high (many
small stems), and ﬁbrous root morphology is common.
Subsequently, grasslands recover very quickly after ﬁre,
and sediments and nutrients are held in place (Dodds et al.
1996, Larson et al. 2013b). In contrast, ﬁres in deserts and
dry shrublands remove already sparse vegetation (assuming
vegetation is dense enough to carry ﬁre), which can take a
long time to regenerate, leading to runoﬀ events across
exposed soil (Malmon et al. 2007). In many forests, com-
bustion of large amounts of biomass and forest ﬂoor litter
leads to signiﬁcant amounts of ash that can be mobilized
to stream channels (Ice et al. 2004).
Large animals can substantially aﬀect geomorphology
in all biomes (Naiman and Rogers 1997). Grasslands prob-
ably had the greatest natural biomass density of large ter-
restrial grazers across the global biome gradient. Desert
vegetation is too sparse to support large populations of
herbivores, and much of forest vegetation is high in the
canopy and out of reach of large ungulate grazers. Poten-
tial diﬀerences between native (e.g., bison, or the large
grazing communities of the African savannas) and non-
native (e.g., cattle) grazer eﬀects on stream geomorphol-
ogy are not well understood. Bison increase bare sedi-
ments from pawing and wallowing, but minimally increase
suspended sediments in tallgrass prairie streams (Larson
et al. 2013b). Cattle grazing can increase sediment concen-
trations and aﬀect macroinvertebrate diversity in Mongo-
lian Steppe streams (Hayford and Gelhaus 2010). The lack
of information about the inﬂuence of cattle grazing on
Figure 4. Conceptual diagram of the factors proposed to
alter stream ecosystem structure and function as mediated by
stream geomorphology and hydrology as they vary across large-
scale biome gradients. Eﬀects of ﬁre and large herbivores are
expected to be greatest in natural grasslands when livestock is
added to drier habitats or when forest is converted to pasture.
Riparian vegetation can stabilize stream banks, alter runoﬀ, and
(in small streams) inﬂuence channel width and depth. We ex-
pect diﬀerent controlling factors to take precedence depending
on the terrestrial context. See text for detailed explanation.
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grassland stream geomorphology is an important knowl-
edge gap considering that grasslands naturally had high
biomass of large grazing animals.
Increased grazing pressures occur in forested areas that
have been converted to pastures and deserts where water
can be supplied. Globally, the total biomass of cattle in the
year 2000 exceeded the estimated biomass of all mammals
(native and domestic) in 1900 by 8× (Smil 2011), suggest-
ing that regardless of biome, cattle are having a much
greater eﬀect on streams now than at any time in human
history. When grazing pressure is increased, grasslands’
and even forests’ geomorphic systems may be pushed to-
ward a state more characteristic of a desert biome by de-
creasing riparian biomass, resulting in reduced cover and
increased patches of bare ground (Teague et al. 2010). The
riparian changes induced by activities of cattle increase the
inﬂuence of rain splash, sheet wash, and rill formation and
can induce gully development (Bartley et al. 2010). Within
the immediate channel and riparian environments, cattle
grazing degrades stream banks, alters hydrologic and sedi-
ment processes, changes channel geometry by increasing
width to depth ratios (Trimble and Mendel 1995), and
dramatically increases suspended sediment yields (Vidon
et al. 2008). Other eﬀects include altered light penetra-
tion, in-stream water temperature, and habitat structure
(Fig. 4). Increased hillslope erosion, vegetation removal,
and channel trampling create abundant loose sediment,
high bedload–discharge relations, and destabilized chan-
nel boundaries.
Human alterations to watersheds can radically alter the
expectation that sediment loads are greatest in drier re-
gions through watershed disturbances including intensive
deforestation, agricultural conversion or livestock produc-
tion, and dam construction. Dense livestock and other wa-
tershed disturbances can dramatically increase sediment
loads, even in streams draining mesic areas. Any process
that decreases vegetative cover (logging, conversion to
row-crop agriculture) has the potential to increase sedi-
ment loads regardless of the biome in which it occurs.
ECOSYSTEM PROPERTIES
ACROSS BIOME GRADIENTS
Nutrients
Biome gradients modestly inﬂuence stream nutrient
concentrations based on data from the contiguous USA,
but little is known about nutrient levels across broad
sections of tundra, tropical habitats, or other areas that
have received less research. Several analyses of nutrient
concentrations in North America indicate that baseline
nutrient concentrations are broadly similar across ecore-
gions in undisturbed watersheds (Smith et al. 2003, Dodds
et al. 2009). However, the data suggest that streams drain-
ing regions where tallgrass prairie and shortgrass prairie
existed historically had relatively lower total N and greater
total P concentrations than reference streams in other
regions. We expect increasing sediment loads across a gra-
dient from deserts to forests (Table 3). P is often correlated
with sediments, a situation that leads to an expectation that
total P should be higher in drier ecosystem streams.
Fires can occur in any biome and can inﬂuence base-
line water quality across biome gradients. Fire maintains
grasslands but probably has more modest eﬀects on nutri-
ent content in grassland streams than in forest or desert
streams. Post-ﬁre ash ﬂows in dry areas can drastically
increase nutrients (Earl and Blinn 2003) and, ultimately,
can cause great harm to existing biota. Forest ﬁres gener-
ally increase nutrient loads (e.g., Minshall et al. 1989, Bay-
ley et al. 1992). In some grassland studies, nutrients in-
creased after burning (e.g., Dodds et al. 1996), but in
others, nutrients decreased after burning (Larson et al.
2013a, b). The large stock of belowground biomass in
grasses and the ﬁre tolerance of many species means that
soil cover returns rapidly after grassland ﬁres. In forests,
ﬁres lead to extended periods of bare ground during
which the high-nutrient ash can wash into streams with
heavy rainfall, whereas in grasslands, ﬁre does not always
penetrate wetter forested riparian zones that provide a
buﬀer between the stream and burned hill slope.
We expect that large grazers are most common on
grasslands relative to in other biomes. The eﬀects of bi-
son grazing on water quality in intact tallgrass prairie
streams are moderate (Dodds et al. 1996, Larson et al.
2013b). Kemp and Dodds (2001) observed an ∼50% in-
crease in total N content in stream water following in-
troduction of modest densities of bison on the Konza
Prairie Biological Station in eastern Kansas. The eﬀects
of other large native mammalian grazers in other grass-
lands are poorly characterized. Exclusion of cattle from
riparian zones can strongly inﬂuence riparian vegetative
structure and alter rates of in-stream nutrient processing
(Van Horn et al. 2012).
Humans can greatly increase nutrients in streams, and
these eﬀects seem to override climate-driven biome eﬀects,
such as greater total P and sediment in drier biomes.
Cropland is a major source of nutrients (Banner et al.
2009). Increases in nutrients and other contaminants can
be closely linked to landuse practices in the riparian zones
of the lowest-order streams (Dodds and Oakes 2008).
More than 90% of US streams exceed median reference
levels for N except in the mountainous west, and P is in-
creased in many streams with little association with biome
(Dodds et al. 2009). These nutrient eﬀects can cascade to
biota, and nutrients from land use have decreased the di-
versity of in-stream biota across a broad sample of streams
in biomes ranging from deciduous forest Ozark watersheds
to xeric watersheds of the US High Plains (Evans-White
et al. 2009).
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Trophic state
Stream metabolism is an important indicator of stream
trophic state. Metabolism is a function of gross primary
productivity (GPP) and ecosystem respiration (ER), and
these rates can indicate the relative importance of various
energy inputs to the system (i.e., autotrophic and hetero-
trophic state). Aquatic features that drive stream metabo-
lism can vary monotonically across biome gradients, but
variation in those features may not. For example, canopy
cover is intimately related to the balance between auto-
trophic and heterotrophic state. Small forested streams
have closed canopies for at least part of the year, and des-
ert streams tend to have open canopies. Grassland streams
are intermediate and highly variable with respect to woody
vegetative cover near the stream channel (Dodds et al.
2004, Feijoó and Lombardo 2007). This canopy variation
can have large eﬀects on food webs by determining source
and timing of organic C inputs to streams.
Seasonality driven by climate also can mediate the in-
teraction between terrestrial plants and streams that ﬂow
past them. For example, seasonal leaf loss in dry tropical
forests or temperate deciduous forests may lead to pulses
of organic C input and substantial increases in light reach-
ing the streams. In addition, annual variability of precipita-
tion can aﬀect the net annual primary productivity of
terrestrial habitats around streams, particularly in grass-
lands (Knapp and Smith 2001).
Across streams spanning a precipitation gradient from
desert to forest, light is a primary driver of GPP (Bernot
et al. 2010) but has little inﬂuence on ER. Of 5 biomes
examined, Kansas grassland reference streams and desert
streams had relatively high GPP compared to forested
systems, as would be expected for areas with relatively
open canopy (Fig. 5A, Table 3). In this respect, canopy
cover is a primary determinant of GPP across a gradient
from closed to open canopy, either desert to forest or tun-
dra to forest, leading to a shift of net ecosystem produc-
tion (Fig. 5C) being closer to 0 in open-canopy streams.
We do not expect ER to vary across precipitation gradi-
ents (Fig. 5B, Table 3). Webster et al. (2003) parsed out the
heterotrophic and autotrophic components of stream me-
tabolism. They used this approach to explain the some-
what constant N uptake across 8 relatively pristine sites
from tropical forest to Arctic tundra (Fig. 5D). They hy-
pothesized that metabolic compensation (sources of C sub-
stitute for each other) was operating, such that streams
with high algal production had low allochthonous inputs
and those with high allochthonous inputs had low autoch-
thonous inputs. Essentially, this hypothesis is light-driven,
i.e., the energy from the light reaching the stream can be
used by producers to ﬁx C in the stream (open canopy) or
by riparian producers that ﬁx C out of the stream and then
drop their leaves and leach C into the stream (closed can-
opy). If this hypothesis holds, total incoming C ﬂux should
not vary across a gradient of canopy cover. However, in
seasonal systems, the C inﬂux from allochthonous sources
can vary strongly with time. The interannual variation of
terrestrial primary productivity is expected to be greater in
grasslands than forests or deserts (Knapp and Smith 2001),
and the least seasonal habitats with respect to allochtho-
nous inputs probably are tropical rainforests.
STREAM ANIMAL COMMUNITIES
ACROSS BIOME GRADIENTS
Vertebrate diversity
Analyses of several biomes suggest that, in general,
forests have the highest freshwater vertebrate richness
and endemism, followed by grasslands and then deserts
(Fig. 6A–E, Table 3). These data may be inﬂuenced by
lakes because more lakes occur in forested areas than in
other biomes. However, the pattern holds when consider-
ing results from areas with only moderate numbers of
natural lakes (unglaciated). We expect that the higher
species richness in forested systems is because the area of
habitat is greater (i.e., species–area relationships are im-
portant determinants of aquatic vertebrate species rich-
ness).
Figure 5. Mean (±1 SE) gross primary productivity (GPP)
(A), ecosystem respiration (R) (B), net ecosystem production
(NEP) (C), and NO3
– uptake velocity (Vf ) (D) for streams in 5
biomes in North America. Analysis of variance indicated signif-
icant diﬀerences for GPP ( p = 0.00026) and Vf ( p = 0.031), but
not ER and NEP ( p > 0.05). Data for GPP, ER, and NEP are
from Bernot et al. (2010), data for Vf are from Mulholland
et al. (2008). TF = tropical forest, TD = temperate deciduous
forest, TP = tallgrass prairie, CF = coniferous forest, D = desert.
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Latitudinal gradients also are important to biodiversity.
Tropical areas have greater freshwater ﬁsh species rich-
ness compared to temperate areas (Allan and Flecker
1993, Matthews 1998). This pattern does not hold for sala-
manders, which are absent at very high latitudes and more
diverse in temperate regions of the northern hemisphere
than in the tropics (Pough et al. 2003), but diversity of
anurans (frogs and toads) is greatest in tropical regions.
For amphibians in general, diversity and endemism are
greater in forest habitats (tropical or temperate) than in
grasslands or deserts (Pough et al. 2003; Fig. 6A, B). Not
all amphibians are closely associated with streams, but the
Figure 6. Total (A) and endemic (B) amphibian species and total (C) and endemic (D) ﬁsh species in freshwater ecoregions across
continental gradients from deserts, through grasslands/savannahs, to moist forests. Transects are based on terrestrial ecoregion class-
iﬁcations by Olson et al. (2001) and are indicated by the black lines on the lower map (E). Numbers in the key to symbols correspond
to transect lines in (E). Transects were selected to move across biome types across relatively constant latitude. Numbers of species
were based on maps from Freshwater Ecoregions of the World (http://www.feow.org/index.php) and were taken from the ends of the
lines (forest and desert) and the center of the grassland biome that is crossed (E). Temp = temperate, trop = tropics, Amer = America.
Background biome image from http://en.wikipedia.org/wiki/Plant_ecology#mediaviewer/File:Biomes.jpg
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subset that is associated with ﬂowing waters probably fol-
lows the general patterns of the group as a whole across
biomes and latitudes.
In general, rates of amphibian endemism per freshwa-
ter ecoregion are lowest in large, connected continental
areas (e.g., across Northern Europe and Asia; Fig. 6B).
At regional scales, intermittent conditions of grassland
streams and the disconnected nature of desert and grass-
land streams compared to forested streams (e.g., high geo-
graphic isolation related to low drainage density) could
facilitate high rates of endemism. However, this expecta-
tion does not appear true with respect to stream ﬁshes
and amphibians (Fig. 6B, D). For example, although some
isolated streams and springs in arid grassland regions of
the southwestern USA harbor endemic salamander spe-
cies (e.g., Eurycea spp. in the Edwards Plateau region;
Lucas et al. 2009), salamander endemism is more preva-
lent in the moist, forested Appalachian region. Similarly,
amphibian diversity and endemism are surprisingly high
in freshwaters found in the harsh arid regions of Austra-
lia, but still less than in the forested regions of Australia
(Fig. 6A, B).
Limited habitat and species diversity constrain the de-
grees of endemism of stream vertebrates in arid and semi-
arid regions, but low endemism may also reﬂect adaptive
strategies over evolutionary time scales, such as long-
distance dispersal to escape inhospitable conditions and
to seek out optimal conditions. For example, in North
American grassland rivers, many species are known to
migrate tens to hundreds of kilometers upstream (e.g.,
some sturgeon species, silvery minnows).
Invertebrate diversity
Patterns of diversity across biomes are not as well un-
derstood for stream invertebrates as for vertebrates, in
part, because in most investigations of stream invertebrate
communities, individuals are not identiﬁed to the species
level, or only subsets of the invertebrate community (e.g.,
only insects) are examined. The pattern of high ﬁsh diver-
sity in tropical streams does not seem to apply to most
invertebrates. Stream invertebrate diversity is low at the
highest latitudes, but temperate zones often have inverte-
brate diversity as great as or greater than comparable
tropical areas (Allan and Flecker 1993, Pearson and
Boyero 2009). The diﬀerence between ﬁsh and inverte-
brate diversity across latitudes could be driven by the fact
that many adult aquatic invertebrates (e.g., insects with
winged adults) can disperse across watersheds more easily
than ﬁshes, whereas in areas with high stream density,
gene ﬂow in many populations of ﬁshes is restricted be-
cause of the more limited dispersal (Turner and Trexler
1998). Thus, it is likely that ﬁsh and amphibians have been
less able to disperse into areas strongly inﬂuenced by gla-
ciation and climate change than invertebrates with ﬂying
adult stages or with a smaller body size that makes them
more likely to be moved by waterfowl and other disper-
sal agents (Mandrak and Crossman 1992).
Studies of stream invertebrate communities in North
American desert (e.g., Jackson and Fisher 1986, Stanley
et al. 1994), grassland (e.g., Fritz and Dodds 2002, Stagliano
and Whiles 2002, Whiting et al. 2011), and forested (e.g.,
Gladden and Smock 1990) regions suggest that relatively
few taxa are unique to grassland streams, with some nota-
ble exceptions, such as the Platte River caddisﬂy (Ironoquia
plattensis) (Whiles et al. 1999) and Scott riﬄe beetle
(Optioservus phaeus) (White 1978). Aquatic invertebrate
endemism can be high in arid regions, where species are
often associated with isolated springs or wetlands (White-
man and Sites 2008).
Invertebrate taxonomic richness in grassland streams
can be highly variable but often is intermediate between
desert and forested streams, and many taxa found in desert
and forested systems also are present in grassland streams.
Comparison of invertebrate communities in small peren-
nial streams in coastal forests and in continental arid grass-
lands in British Columbia indicated that grassland streams
had lower richness and ∼½ as many unique taxa as the
forested streams, although invertebrate densities were
higher in the grassland streams (Reece and Richardson
2000). Among grassland streams, invertebrate diversity of-
ten is greater in streams that ﬂow for longer periods of
the year or year-round, although time since last hydrologic
disturbance can override this pattern (Fritz and Dodds
2002).
Given the paucity of data sets on stream invertebrates
available for many biomes, synthetic eﬀorts might yield
broader conclusions across biome gradients. Such eﬀorts
might include harvesting unpublished data, data from
many site-speciﬁc publications, or additional sampling.
How ecological responses of animals change
across biome gradients
Riparian cover can inﬂuence water temperature, in-
puts of detritus, and terrestrial invertebrate prey. Subsi-
dies of aquatic food webs from terrestrial sources can be
a key component of many stream systems (e.g., Nakano
and Murakami 2001, Allan et al. 2003). Temperature and
source of organic materials are dominant factors linking
surrounding riparian cover with stream animal commu-
nities. Water temperature in grassland streams probably is
greater than in forested streams in similar climatic zones
because of the open canopies and greater light penetration
characteristic of grassland streams. Riparian cover is hy-
pothesized to inﬂuence ﬁsh or amphibian occurrence and
abundance in Northern California (Welsh et al. 2005) and
Japan (Inoue and Nunokawa 2005, Nakamura and Yamada
2005). However, Dineen et al. (2007) found that riparian
cover did not inﬂuence stream water temperature in for-
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ested Northern Ireland, and speculated that increased ter-
restrial subsidies in forested streams were important in
maintaining growth of trout. Saunders and Fausch (2007)
showed that intensive grazing by livestock reduced ripar-
ian vegetation and led to decreased input of terrestrial
invertebrates, thereby reducing foraging opportunities for
trout in mountain grassland streams.
Structural heterogeneity with respect to stream habitat
also might diﬀer between forest and grassland streams and
cascade to the community. However, Teresa and Romero
(2010) found that a shift in riparian vegetation from wet
grassland to gallery forest in a Brazilian savanna stream
coincided with a shift in ﬁsh community composition and
noted that upstream reaches with grassland had high struc-
tural diversity because grasses, bushes, and roots provided
unique habitats for many ﬁshes (e.g., Gymnotiformes and
Siluriformes). We are unaware of studies comparing ﬁsh
communities in desert and grassland streams, but would
expect greater light and lower riparian subsidies across the
gradient from grassland to desert streams.
Invertebrate taxonomic diversity is generally lower in
grassland streams than in similar-sized forested systems.
However, estimates of invertebrate abundance, biomass,
and production from prairie (e.g., Stagliano and Whiles
2002, Whiting et al. 2011) and desert (e.g., Fisher and
Gray 1983) streams often exceed those from their for-
ested counterparts, a pattern noted by Benke (1993) in a
meta-analysis of stream invertebrate production studies.
For example, invertebrate production in Sycamore Creek,
a warm Sonoran Desert stream, was estimated at 121 to
135 g dry mass (DM) m–2 y–1 (Fisher et al. 1982), com-
pared to estimates from temperate grassland streams,
which are quite variable, but generally fall in the range of
∼8 to 50 g DM m–2 y–1 (e.g., Huryn 1998, Whiting et al.
2011). Estimates of secondary production from Arctic
tundra streams were orders of magnitude lower, ranging
from 0.8 to 2.2 g DM m–2 y–1 (Harvey et al. 1998). High
invertebrate production in streams in warm arid regions
has been attributed to high individual growth rates,
which are linked to warm water temperatures and abun-
dant food, e.g., from high in-stream primary production
(Huryn and Wallace 2000, Benke and Huryn 2010). This is
illustrated by life cycles of midges in Arctic tundra pools
that can take 7 y (Butler 1982) compared to midges that
complete their life cycles in 12 d in a Sonoran Desert
stream (Jackson and Fisher 1986). High growth rates in
intermittent streams also are the product of selection for
species that can complete generations when streams are
ﬂowing seasonally (Huryn and Wallace 2000).
The more intermittent nature of desert and grassland
streams should result in animal communities composed
of species with higher resistance or resilience than in for-
ested areas (e.g., high growth rates and short generation
times; Huryn and Wallace 2000). In addition, eﬀective
dispersal is necessary for recolonization after strong dis-
turbance (drying or extreme ﬂoods) and for individuals
to capitalize on open habitats created by these periodic
disturbances. More hydrologically variable arid grasslands
are predicted to be dominated by r-selected (rapid growth
and reproduction, high dispersal, poor competitors) spe-
cies, whereas more mesic systems should have higher
proportions of K-selected (slower growth and repro-
duction, lower dispersal rates, high competitive ability)
species. Hydrology inﬂuences trait distributions of ﬁsh
(Mims et al. 2010) and invertebrate (Poﬀ et al. 2006b)
communities. In a study across North American biomes,
Mims and Olden (2012) found that ﬁsh communities in
streams with more volatile ﬂow regimes were more likely
to include species with rapid life cycles than those in
streams with stable or predictable ﬂows.
Foodweb structure should be more dynamic in grass-
land and desert streams than in forests and should be
driven by the relative abundance of basal resources (e.g.,
algae, leaves, and other sources of organic C) and distur-
bance regime. Studies in grassland systems suggest that
both top-down and bottom-up processes regulate food-
web structure (Huryn 1998, Stagliano and Whiles 2002,
Nyström et al. 2003). Where dense canopy cover is lack-
ing, reliance on autotrophic production should be greater
(Whiting et al. 2011). Moreover, primary consumers
should be favored in intermittent reaches of desert and
grassland streams because the recovery of the microbial
autotrophic food sources is rapid. In general, foodweb
structure should vary with hydrology and degree of can-
opy cover. Sabo et al. (2010) found reduced food-chain
lengths in systems with more variable hydrology and that
top predators were dominated by piscivores in more-
perennial systems and invertivorous predators in intermit-
tent systems.
Animal communities in streams can have conse-
quences for ecosystem functioning. Information compar-
ing eﬀects of stream consumers on ecosystem structure
and function across biomes is limited. Grazing ﬁshes can
have strong eﬀects on periphyton communities and nu-
trient cycling in desert (Grimm 1988) and grassland
streams (Power et al. 1985, Murdock et al. 2010, Kohler
et al. 2011) that have relatively high rates of autochtho-
nous production. The role of shrimp and crayﬁsh in lit-
ter processing probably increases in forested tropical and
temperate streams (Huryn and Wallace 1987, Crowl et al.
2001). Top-down eﬀects by insectivores and piscivores are
more likely to be limited by disturbance regime and energy
availability, as mentioned above.
Anthropogenic inﬂuences on stream animals
across gradients
Major conservation challenges for stream animal com-
munities include habitat and hydrologic modiﬁcation (e.g.,
stream drying, sedimentation), fragmentation, and species
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introductions. These stressors occur across all biomes, but
anthropogenic disturbances could have greater inﬂuence
in arid and semi-arid regions because animals are already
near their physiochemical extremes (Bramblett et al. 2005).
Alternatively, some biomes are more prone to disturbance.
For example, many grasslands have been converted to
cropland (Fig. 2), potentially leading to stronger anthropo-
genic inﬂuence on stream animals in those habitats.
Depletion of aquifers drastically reduces stream habi-
tat and is linked to species extirpations (e.g., Gido et al.
2010), and such depletion is expected to be more com-
mon in drier habitats with lower aquifer recharge rates.
Impoundments alter hydrologic disturbance regimes, of-
ten stabilizing ﬂows by limiting extreme high and low
ﬂow magnitudes and durations (Magilligan and Nislow
2005). Fragmentation by dams and road crossings blocks
movement of animals, reduces the resilience of these dy-
namic communities (Fagan 2002, Perkin and Gido 2011),
and may lead to extirpation of native species. Increases
in sediment can change ﬁsh community composition by
favoring tactile feeding species (e.g., catﬁshes with bar-
bells) over visual feeders, such as many salmonids (Cross
and Moss 1987). Sediment loads are expected to be greater
in more xeric streams. If so, xeric biome streams should
contain animals adapted to greater sediment concentra-
tions. Deforestation and conversion to cropland vastly in-
crease sediments in areas where native species may not be
tolerant. Species invasions might be limited by the distur-
bance regime of grassland and desert streams, but low
species diversity and highly modiﬁed hydrology exacerbate
the probabilities of invasions (Moyle and Light 1996, Gido
et al. 2004).
THE STREAM BIOME GRADIENT CONCEPT AND
OTHER INTEGRATIVE IDEAS IN LOTIC ECOLOGY
Vannote et al. (1980) acknowledged that the RCC was
based primarily on forested streams and that streams in
other biomes would have diﬀerent longitudinal patterns.
Thus, the initial predictions of the RCC and the more de-
tailed ones developed subsequently can be reﬁned based on
the biome under consideration. For example, many of the
smallest desert, grassland, and tundra streams have open
canopies, which will heavily inﬂuence energy ﬂow and in-
crease the relative importance of autochthonous produc-
tion. However, total energy entering the system may not
vary because of metabolic compensation (i.e., the energy
from sunlight gets into the stream either via production in
the stream or by production in the canopy over the
stream). An expanded view of the RCC (see table 24.3 in
Dodds and Whiles 2010) indicates many areas where the
Stream Biome Gradient Concept could be applied to small-
to medium-sized streams, including, but not limited to
among-biome diﬀerences or gradients in: 1) the relative
importance of seasonal variation in upstream-to-down-
stream temperature gradients for ﬁsh communities, 2) the
eﬀect of temperature on ER and patterns of ER and GPP
from upstream to downstream, 3) the relative importance
of woody debris from upstream to downstream, 4) varia-
tion in discharge patterns from upstream to downstream
(e.g., in deserts, ﬂow in losing streams and rivers may de-
crease downstream), and 5) frequency of sight-feeding by
ﬁshes along a dryland to forested stream gradient because
of changing sediment loads along the gradient.
The Stream Biome Gradient Concept also could inform
some RCC predictions about aspects of the very largest
rivers, many of which cut across biomes. For example,
many rivers that ﬂow through deserts begin as montane
streams and ﬂow from their source through several biome
types. Thus, large woody debris (in unimpounded systems)
could move from areas with trees into areas that produce
few large logs, adding another dimension to the Serial Dis-
continuity Concept (Ward and Stanford 1995).
Some aspects of rivers do not vary across biomes. For
example, very large rivers tend to have slowly modulated
hydrographs, have high turbidity, are more likely to have
planktonic components, and receive materials from far
upstream. Other aspects of rivers are clearly inﬂuenced
by local biomes, such as small streams entering them
and riparian wetlands. Thus, predictions of the Flood-
Pulse Concept in larger rivers (Junk et al. 1989) could be
inﬂuenced by biome as the ﬂoodplain and side-channel
characteristics are shaped by the particular biome in
which they occur. A ﬂood plain of a large tundra river
will not have large woody debris, whereas rivers in more
temperate climates may have ﬂood plains that are almost
completely forested. In the tropics, ﬂoods are predictable
over long enough time periods that speciﬁc adaptations
to riparian ﬂooding are found, including ﬁsh-dispersal of
fruit seeds in ﬂooded forest (e.g., Gottsberger 1978).
The Riverine Ecosystem Concept (Thorp et al. 2006)
enables parsing the ecology of rivers that may be aﬀected
by biome gradients. It does so by considering functional
units of diﬀerent aspects in the river, some of which may
be inﬂuenced by processes far upstream (possibly across
biome gradients) and others by more-local processes,
which could be biome speciﬁc. For example, some ﬁsh spe-
cies require long migration distances to successfully com-
plete their life cycle, so may cross biomes as they move
through river networks, and others are more sedentary in
side channels and are mainly inﬂuenced by local condi-
tions. Cross-biome eﬀects have been considered for some
montane stream networks (Ponette-González et al. 2014),
and this is a promising area for future research across other
biomes. Large biogeographic eﬀects on human impacts on
rivers (macrosystems) are just now receiving consideration
(McCluney et al. 2014), and cross-biome perspectives are
necessary at this scale.
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OVERVIEW
Deserts and forests deﬁne the extremes of a moisture
gradient, and characteristics of streams vary across this
gradient (Table 3). Similarly, temperature (latitudinal) gra-
dients begin in tundra, but can end in desert, grassland, or
forest depending on the precipitation gradient. These gra-
dients are reﬂected in strong diﬀerences in the abiotic
template that constrains and shapes the ecological proper-
ties of lotic waters. When considered across broad biogeo-
graphic gradients, features, such as ﬂow permanence, geo-
morphology, temporal patterns of hydrology, and baseline
sediment and nutrient concentrations may vary. Such a
view is implied by considering natural ﬂow pattern across
wide biogeographic areas (e.g., Poﬀ et al. 1997). However,
the predictions of the Stream Biome Gradient Concept
(Fig. 1, Tables 2, 3), take this broad view further.
However, some contingencies will certainly limit pre-
dictive ability. Latitudinal eﬀects diﬀer for ﬁsh and inver-
tebrate diversity, i.e., greater ﬁsh but not greater insect
invertebrate diversity in tropical areas. In general, pat-
terns of animal diversity can be driven by the same ef-
fects that drive diﬀerences in biomes, but evolutionary
contingencies (e.g., biogeographic barriers, evolution of
speciﬁc strategies) may confound some predictions related
to the Stream Biome Gradient Concept.
All streams are inﬂuenced by anthropogenic distur-
bances, which might further confound predictive ability of
cross-biome expectations. How those disturbances mani-
fest themselves might be biome dependent. Anthropogenic
disturbances from land use are common in temperate and
tropical biomes and should disproportionally inﬂuence
those streams because those areas are more heavily popu-
lated than other biomes. Most biomes have undergone ag-
ricultural conversions, especially temperate broad-leaved
forests, tropical and subtropical dry forests, and temperate
grasslands (Fig. 2). Grasslands commonly have rich soils
and are easily modiﬁed for human agricultural uses, espe-
cially if livestock grazing also is considered. Boreal forests,
tundra, and temperate coniferous forests are generally less
disturbed, but global change and local pressures also have
inﬂuenced them.
Still, understanding streams and their links to climate
gradients could help predict how streams will appear glob-
ally in the future, particularly in light of declining freshwa-
ter supplies, global declines in freshwater biodiversity, and
climate change. Streams draining modiﬁed terrestrial bi-
omes could be forced by human activities to resemble
those from other biomes. As examples, deforestation and
hydrologic modiﬁcation could change a forested stream so
some of its characteristics resemble those of a grassland or
desert stream (intermittent with open canopy), and water
extraction in grasslands may push stream hydrology to
more closely resemble desert streams. Irrigation and vege-
tation modiﬁcation, particularly in urban areas, may cause
arid-land streams that would usually be dry or ephemeral
to ﬂow more continuously, perhaps approximating forested
streams.
Two key climate-controlled characteristics that aﬀect
many properties of streams are the presence or absence
of a closed canopy over the stream and the proportion of
bare ground in the catchment (Fig. 1). The presence/
absence of forest cover over a stream determines path-
ways of energy ﬂow and drives community structure. Bare
ground leads to altered runoﬀ, geomorphology, and ulti-
mately water quality. Consideration of streams across bi-
ome gradients allows predictions and comparisons of
pattern across the largest spatial scale. Biome gradients are
expected to be less pronounced for lentic habitats than for
streams because lakes are not always as intimately con-
nected to terrestrial habitats as streams. In contrast, a sim-
ilar biome gradient approach may be very useful in
wetland ecology. As stream scientists accrue more data
and mechanistic studies, the Stream Biome Gradient Con-
cept provides testable hypotheses (Fig. 1, Tables 2, 3) to
guide synthetic and comparative research eﬀorts.
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